Abstract. In this paper, we summarize the progress in the aspect of increasing field of view in adaptive optics. We present the isoplanatic challenge and the limits of conventional adaptive optics. Moreover, we briefly list the development of tomography and researches on the error of tomography in theory and experiment with the goal of reducing the limits imposed by anisoplanatism on conventional adaptive optics.
Introduction
Turbulence is distributed along the direction of propagation of light passing through the atmosphere. Atmospheric turbulence severely limits the angular resolution of ground-based telescopes. Adaptive optics (AO) can in principle allow a large telescope to achieve performance at its theoretical maximum (limited only by diffraction), by correcting in real time for the distortion of starlight by atmospheric turbulence [1] . AO compensates, in real-time, for the random fluctuations of wave-fronts induced by the turbulent atmosphere. The turbulent wave-front is detected by a wave-front sensor (WFS) and optically corrected by a deformable mirror (DM) located in a pupil conjugated plane. This compensation allows to record long exposure images with a resolution close to the diffraction limit. Nevertheless, the conventional AO approach is based on the assumption that the field of view (FOV) is smaller than the so-called isoplanatic field that is the field where the wave-fronts, coming from angularly separated points, can be considered as identical. In the visible, the isoplanatic field is about a few arcseconds [2] . If the FOV is greater than this field, the AO correction, which is maximum in the direction where the WFS measures the phase perturbation, is degraded as a function of angle [3] . A more promising solution to obtain a good correction in a large FOV is to consider a new AO approach through the use of several guide stars (GSs), i.e. several wave-front sensing directions, and several deformable mirrors (DMs) which are conjugated at different heights in the atmosphere. It is the concept of multi-conjugate AO (MCAO) [4] . With such a system, the turbulence effects are corrected not only in the telescope pupil but in the turbulence volume, hence increasing the isoplanatic field.
Conventional Adaptive Optics
The concept of AO was first proposed by American astronomer H. W. Babcock in 1953 [5] . Conventional adaptive optics systems use a single guide star to collect information regarding the line-integrated phase distortion from a single field angle. This limits the corrected field-of-view to a small isoplanatic patch around the guide star. Light coming from different field angles, however, travel through physically different regions in those turbulence layers that are removed from the entrance pupil of the system and are therefore not well corrected with a single guide star.
The turbulent wavefronts are detected by a WFS and optically corrected by a DM located in a Anisoplanatism is one of the most severe limitations on phase correction by adaptive optics. In the visible, the FOV of conventional AO is only about a few arcseconds. The small FOV over which AO provides diffraction limited resolution is the key barrier for the observations of extended target. Angular anisoplanatism derives from the different regions in those turbulence layers through which the light from the guide star and the observed target travels, which leads to different phase aberrations in different direction of propagation of light from guide stars and the observed target passing through the atmosphere. Moreover, the WFS and DM are optically conjugated to a pupil plane in conventional adaptive optics system. Atmospheric turbulence is distributed along every direction of propagation of light passing through the atmosphere. As for extended observed target, only the area in the isoplanatic field could be imaged with a resolution close to the diffraction limit. Due to atmospheric anisoplanatism, the image of the field out of the isoplanatic field is badly degraded. It is the ineffectively correction of phase perturbations derived from 3-dimensional distribution of such turbulence with only one deformable mirror that lead to the small field of view.
Multi-Conjugate Adaptive Optics
MCAO was first proposed by J.M.Beckers in1988 as a technique to reduce the limits imposed by anisoplanatism on conventional AO [6] . MCAO is a further development of AO concept, where detection and correction is made by several Deformable Mirrors (DMs) and wave-front sensors (WFSs) conjugated to different altitudes. MCAO systems greatly reduce this limitation by collecting light from multiple guide stars at separate field angles. Through tomographic reconstruction of the resulting line-integrated phase distortion measurements from multiple field angles, the three-dimensional turbulence profile can be determined. In addition, multiple deformable mirrors are placed at conjugate altitudes to the turbulence layers in the atmosphere such that the individual turbulence layers can be corrected thereby greatly enhancing the corrected field-of-view. As shown in Fig. 2 . Even without the use of multiple deformable mirrors, the tomographic reconstruction of the turbulence will be required to correct for focal anisoplanatism using laser guide stars in the next generation of extremely large telescopes.
Fig.2. Multi-Conjugate Adaptive Optics system
After the proposition of the concept of MACO by J. M. Beckers, the most key challenge was how to retrieve 3-dimensional distribution and detection of atmospheric turbulence. Atmospheric tomography was proposed and analyzed by M. Tallon and R. Foy and was conceived as a method to measure the instantaneous 3-dimensional phase perturbations in the atmosphere, in order to get the control signals for MCAO [7] . Light from several Guide Stars (GSs) is used to probe the 3-dimensional perturbations, and retrieve the signals to control one or more DM can be derived directly from the information brought by GSs, without the need to reconstruct the whole turbulent volume，as show in Fig.3 . The tomographic reconstruction of the turbulence is the core of MCAO technology. Zonal three-dimensional tomography sounds like one of the most promising technique to fully correct focal anisoplanatism. However, the technology of zonal tomography is based on some hypotheses which limit severely in the application of zonal tomography. Based on the same tomography concept, modal approach to the 3D-sensing, in contrast with the zonal approach was proposed by Roberto Ragazzoni, Enrico Marchetti, and Francois Rigaut. They analyzed several potential advantages of the modal approach [8] . Modal approach is a hot pot in solar adaptive optics which attracts more and more attentions now.
After the proposition of modal tomography, scientists have done a lot of research in theory and experiments. Through the experiment of observation of the space, it firstly demonstrated the correctness of the theory [9] . Two approaches are compared: the algorithm based on a Least Square (LS) approach and modal tomography. In the comparison, the concept of unseen modes was proposed. They concluded that the precision of modal tomography is limited in the detection of wave-fronts [10] . The frequency property of tomography was studied in the paper, which concluded that the error of the reconstruction algorithm is badly decreased by noises [11] . In the domestic, Zhaojun Yan has implemented simulation of the tomography algorithm in his PhD thesis [12] . Lanqiang Zhang has studied the origin of the error of modal tomography technology. The analysis shows that part Zernike model basis is used as a new basis of polynomial decomposition in model tomography, which leads to modal coupling error and aliasing error [13] . In his PhD thesis, Lanqiang Zhang designed a solar multi-conjugate adaptive optics system and studied solar MCAO and GLAO for the demand of high resolution observation of solar active region based on the modal tomography algorithm [14] .
Summary and Prospect
MCAO promises to help offset the disadvantage of AO equipped ground based telescopes, which, compared to space observations, provide a small diffraction limited FOV (limited by the isoplanatic patch size). The sun is an ideal object for the development and application of MCAO, since the multiple wave-front measurements as a function of the FOV needed to perform atmospheric tomography can be performed using solar structure as wave-front sensing target. Solar AO has come a long way and is now close to becoming a mature technology that provides diffraction limited observations and thus will aid in solving many of the outstanding scientific problems of solar astronomy.
